Attention deficit hyperactivity disorder, combined type (ADHD-CT) is associated with spatial working memory deficits. These deficits are known to be subserved by dysfunction of neural circuits involving right prefrontal, striatal and parietal brain regions. This study determines whether decreased right prefrontal, striatal and parietal activation with a mental rotation task shown in adolescents with ADHD-CT is also evident in children with ADHD-CT. A crosssectional study of 12 pre-pubertal, right-handed, 8-12-year-old boys with ADHD-CT and 12 prepubertal, right-handed, performance IQ-matched, 8-12-year-old healthy boys, recruited from local primary schools, was completed. Participants underwent functional magnetic resonance imaging while performing a mental rotation task that requires spatial working memory. The two groups did not differ in their accuracy or response times for the mental rotation task. The ADHD-CT group showed significantly less activation in right parieto-occipital areas (cuneus and precuneus, BA 19), the right inferior parietal lobe (BA 40) and the right caudate nucleus. Our findings with a child cohort confirm previous reports of right striatal-parietal dysfunction in adolescents with ADHD-CT. This dysfunction suggests a widespread maturational deficit that may be developmental stage independent.
Introduction
There is emerging functional magnetic resonance imaging (fMRI) evidence for widespread dysfunction in neural systems involving the prefrontal, striatal and parietal brain regions in children and adolescents with attention deficit hyperactivity disorder (ADHD). [1] [2] [3] [4] Rodent models of ADHD, 1 fMRI data in prepubertal 4 and adolescent 2, 3 boys and structural imaging data in children 5 with ADHD support dysfunction within a large-scale right-hemisphere system incorporating the prefrontal cortex, striatum and parietal lobe. 6 Such dysfunction may form the neural substrate of attentional and working memory deficits in the disorder.
To date, fronto-striatal dysfunction associated with deficits in response inhibition has been the guiding hypothesis of ADHD in the field. 7 Functional MRI studies of ADHD have focussed almost exclusively on response inhibition and the function of fronto-striatal brain regions. 7, 8 Most studies report decreased activation of striatal brain regions, particularly the caudate nucleus, 9, 10 as well as prefrontal regions including right mesial frontal cortex and the right inferior frontal lobe. 10 However, fMRI response inhibition findings have been inconsistent with increased activation of frontal 9 and striatal 11 brain regions also reported.
Spatial working memory is a crucial cognitive process that is impaired in ADHD. A recent metaanalysis highlights spatial working memory, more so than verbal working memory, as a key cognitive impairment in ADHD. 12 Clinically, working memory impairment is important because it is strongly associated with academic under-achievement. 13 In fact, there is strong evidence that poor academic achievement is related more to working memory impairment than to behavioural symptoms of inattention and hyperactivity/impulsiveness. 14 Spatial working memory is subserved by predominantly inferior and superior parietal regions together with lateral prefrontal regions. 15, 16 It has also been suggested that shifts of spatial attention between objects, might be one mechanism by which spatial relations are represented in spatial working memory. In support of this claim, fMRI studies of both spatial attention and spatial working memory show overlapping activation within right-hemisphere frontoparietal networks. 16 Our group studied adolescent boys with ADHD combined type (ADHD-CT) during mental rotation, 3 which has been used as a paradigmatic measure of spatial working memory. 17 Using fMRI, we found reduced activation in regions of the inferior and superior parietal cortex and middle frontal areas in adolescents with ADHD-CT. 3 In contrast, increased activation was observed in the superior and middle temporal regions that have been linked to the ventral visual stream for object recognition, 18 possibly suggesting a more object-based approach to the mental rotation task. Increased activation was also found in the ADHD-CT group in the posterior cingulate and medial superior prefrontal areas that are functionally linked in the motivational shifting of attentional focus. 19 Similar right-hemisphere fronto-parietal brain areas have recently been examined using spatial attention tasks: Booth et al. 20 reported a small area of underactivation within the right superior parietal lobe during a visual selective attention task in children with ADHD (9-12 years). However, this parietal deficit was only small compared with the large and highly significant fronto-striatal dysfunction observed during response inhibition in the same participants. Similarly, Konrad et al. 4 reported that spatial attention deficits in ADHD arise predominantly from fronto-striatal impairment underlying the cognitive and executive control of attention. Earlier studies of EEG event-related potentials also provide considerable evidence for dysfunction within a posterior attentional system, consistent with deficits in parietal cortex mechanisms for attentional orienting. [21] [22] [23] Taken together, these findings currently suggest widespread dysfunction of frontal, striatal and parietal neural circuits in adolescents with ADHD compared to controls that can be inferred by either under-or overactivation depending on the cognitive processes involved in the experimental task. At present, it remains unclear whether the decreased right fronto-striatal-parietal activation observed during mental rotation in our study of adolescents with ADHD-CT is developmental stage specific or independent. In our initial study, 3 we addressed known key limitations of the fMRI literature. Specifically, we investigated right handed, male participants within a particular developmental stage (post-pubertal, adolescent) who had clinician-referred ADHD-CT diagnosed through multi-informant report by structured clinical interview and 'gold standard' questionnaire. We also excluded potentially confounding common comorbid psychiatric disorders and recruited participants who were stimulant/other medication naïve. Finally, we employed a mental rotation activation paradigm that is constrained by known specific brain behaviour relationships based on non-human primate data. 24, 25 In this study, we maintain the above parameters but examine pre-pubertal 8-12-year-old boys with ADHD-CT and matched healthy control participants, who are more representative of the core of the disorder.
Materials and methods

Participants
Twelve male children aged 8-12 years (mean 11. 171.5 years) fulfilling DSM-IV criteria for ADHD-CT participated in the study. Diagnosis was defined categorically by the Anxiety Disorders Interview Schedule for Children (A-DISC), 26 a semistructured clinical interview with the child's parent(s); and dimensionally by the Conners' Global Index (CGI), 27 a parent and/or teacher report assessing the core symptom domains of ADHD-CT. Subscale scores < 1.5 standard deviations above the mean for a given child's age and gender were used (mean CGI score: 21.4874.73). The-A-DISC was also used to exclude children with co-morbid depressive, anxiety and conduct disorders. The children were all medication naïve and met the inclusion criteria of living in a family home (and not in an institution) and attending normal primary schools. All participants had a full scale IQ above 70, according to an age-appropriate Weschler test 28 (mean performance IQ: 103.6711.9). Twelve healthy male control participants were matched in age (mean 10.271.3 years) to the ADHD-CT group. Normal behavioural functioning was determined in the healthy control participants through the A-DISC, the parent form of the Child Behaviour Checklist 29 and the CGI specifically to screen for characteristics of ADHD. Performance IQ, as assessed by an age-appropriate Weschler test, was also within the normal range for every child (mean 111.9710.9) and there was no significant difference between the two groups.
All participants were pre-pubertal (Tanner stage 1), had no known other medical, neurological or psychiatric disorders, and all were right-handed. No participants were excluded due excessive head motion or inability to undertake MRI scanning. Informed consent was obtained from both a parent and the child, and all procedures were approved by the Human Experimentation Ethics Committee of the Royal Children's Hospital, Melbourne, Australia.
Procedure
During fMRI scanning, participants performed alternating baseline and mental rotation trials, as described previously. 3 Each trial involved the simultaneous presentation of a single target stimulus above fixation and two-test stimuli below. Participants were required to indicate by button-press which test stimulus matched the target. Mental rotation stimuli consisted of Shepard-Metzler three-dimensional cube objects, with target and test stimuli differing by 730 or 601 rotation. The baseline condition required judgement of which of two spatial Fourier-transformed 'noise' patches was the best visual match to the target. Stimuli were presented for 10 with 1 s inter-stimulus interval. Groups of three baseline trials alternating with three rotation trials (forming 33 s blocks) were presented in 12 blocks over a total scan duration of 6 min 36 s. Stimuli were displayed using E-Prime 1.0 software, projected onto a 1.6 Â 1.2 m screen at the foot of the MRI scanner bed, and viewed by participants via a mirror mounted on the head coil within the MRI scanner.
Imaging methods
Data were acquired on a 3-T GE Signa MR scanner (GE Medical Systems, Phoenix, AZ, USA) at the Brain Research Institute, Austin Health, Melbourne. Participants lay supine with their head supported in a volume coil. For functional imaging, T2*-weighted gradient-echo echo-planar images (EPI) were acquired (TR = 3000 ms, TE = 40 ms, FA = 601, 128 Â 128 matrix at 1.875 Â 1.875 mm resolution, 22 axial slices with slice thickness = 4.5 þ 0.5 mm gap). Whole brain images were therefore acquired every 3 s as participants alternated between performing rotation and baseline tasks. A total of 136 image volumes were acquired per 6 min 36 s scanning session. Highresolution T1-weighted structural MRI images were also acquired for each participant (TR = 120 ms, 256 Â 256 Â 128 matrix, voxel size = 0.9 Â 0.9 mm, slice thickness = 1.4 mm).
Statistical analyses
Image pre-processing was carried out using SPM2 (Wellcome Department of Cognitive Neurology, London, UK) and statistical analysis was conducted using FSL (FMRIB, Oxford, UK). The first three images of each EPI series were removed before any pre-processing to allow the MR signal to reach a steady state. The remaining 133 brain volumes for each individual were spatially realigned to the first image of the time-series to correct for movement of the individual's head during MRI acquisition. Images for each participant were then spatially normalised using the MNI152 standard template brain supplied with SPM2 so that all participants' functional images approximately conformed to the same standard space (approximate Talairach co-ordinates). Quantitative studies have shown that the use of a standard brain template, although derived from adults, can be used equally for participants from 7 to 8 years of age with negligible effect on fMRI results. 30, 31 Finally, images were spatially smoothed with an 8 mm full width at half maximum (FWHM) isotropic Gaussian kernel. SPM2 was used to take advantage of nonlinear spatial normalization to obtain the most accurate registration of images to the standard space. Subsequent statistical analysis on the spatially normalized images was then performed using FSL software (FMRIB, Oxford, UK).
General Linear Model (GLM) statistical analysis was performed using the FEAT package within FSL. An event-related model was used in the GLM analysis. Since individual stimuli were separated by a relatively long inter-stimulus interval (11 s), rather than repeated rapidly within blocks, an event-related model allowed greater flexibility to fit haemodynamic responses to individual stimuli within blocks. The onsets of rotation and baseline stimuli were separately modelled as discrete events, incorporating also first-order (temporal) and second-order (dispersion) derivatives. This event-related model, including temporal and dispersion derivatives, allowed greater flexibility to better fit individual variations in both the timing and the duration of actual haemodynamic responses to the rotation and baseline stimuli than would a typical box-car blocked-design model. The realignment parameters, representing the degree of head movement (translation and rotation in x-, y-, zdirections) were also included in the model to account for any variance associated with head motion. With this model, a single contrast was generated for each individual, representing the difference between mental rotation and baseline trials.
For group statistical analysis, the first-level contrast images for each individual were entered into randomeffects analysis. Single-sample t-tests were used for the ADHD-CT and control groups separately to identify areas of significant activation during mental rotation compared with the baseline task. Independent t-tests were used to identify areas showing significant differences in activation in ADHD-CT compared with control participants. Significant activation was defined according to cluster-size, using a cluster-level threshold of P corrected < 0.05, corrected for multiple comparisons. Within significant activation clusters, we then report the locations of significant peaks at voxel-level z > 2.81, P uncorrected < 0.005.
Statistical maps were overlayed onto a mean anatomical image computed from the spatially-normalized high-resolution T1-weighted images of all participants. Areas of activation were described in terms correspondence to standard stereotactic (Talairach) coordinates. Areas were also labelled and described in terms of Brodmann areas (BA) using classification from the Talairach Daemon Client 1.1 (Research Imaging Centre, San Antonio, USA). There was no apparent difference in head motion between the ADHD-CT and control groups and no individuals were rejected owing to excessive head motion.
Results
Mean response times and accuracy for ADHD and control groups were calculated and compared using non-parametric Mann-Whitney tests. The groups did not differ significantly in their accuracy (mean7s.d.; ADHD-CT = 66715%, control = 77714%) or in their response times (ADHD-CT = 5.5671.83 s, control = 3.7871.72 s). Analysis of effect sizes, however, revealed relatively large effects for both accuracy (Cohen's d = 0.76) and reaction time (Cohen's d = 1.00), suggesting that the lack of significant behavioural differences between groups may be due to the relatively small sample sizes.
fMRI results During the mental rotation task, both ADHD-CT and control participants showed significant activation in a network including occipital and inferior and superior parietal regions (Figure 1a ; Table 1 ). The ADHD-CT group showed significant activation only in the left hemisphere, extending from the occipital lobe (cuneus and precuneus, BA19) dorsolaterally into inferior and superior parietal lobules (BA7). The control group showed bilateral activation in these same regions, with significant activation also extending into the right lateral premotor cortex (BA6) and bilateral activation in lateral prefrontal regions (inferior and middle frontal gyri).
Several regions showed significantly greater activation in the control group compared with the ADHD-CT group (Figure 1b ; Table 2 ). Control participants showed significantly greater activation in right parieto-occipital areas (cuneus and precuneus, BA 19) and in the right inferior parietal lobe (BA 40). In the prefrontal cortex, the control group showed significantly greater activation specifically in the right caudate nucleus, with a peak located superiorly in the caudate body, but extending also into the caudate head. There were no regions that showed significantly greater activation in ADHD-CT compared with control participants.
Discussion
Overall, children with ADHD-CT showed impaired activation in a widespread area of the right parietal lobe, including right inferior parietal cortex and the right parieto-occipital junction, while in the left parietal lobe significant activation was found for both ADHD-CT and control children. These activation differences occurred despite a lack of behavioural performance difference on the mental rotation task, suggesting that activation differences are not simply due to poorer performance in the ADHD-CT group. Rather, these activation differences may reflect a dysfunctional use of the same/and or a different strategy of the children with ADHD-CT use to complete the spatial working memory task, aside from the conscious willed approach taken by each child. 4 Further, the equivalent response times between the ADHD-CT and healthy participant groups suggests that the known methodological difference between block and event-related fMRI designs may not be an interpretive issue for these data. 32 Nevertheless, we expected the ADHD-CT children to make more errors on the mental rotation task than control children, given the fact that spatial working memory is a key cognitive domain which is impaired in ADHD-CT. 12 In our previous fMRI study of mental rotation, adolescents with ADHD-CT indeed showed poorer performance (more errors) than controls. 3 In this current study, children with ADHD-CT did show the expected trend, making 11% more errors than the controls on average. Analysis of effect size showed this to be a relatively large effect (d = 0.76). Overall performance, however, was highly variable in both ADHD-CT and control groups, with s.d. of 715% (ADHD-CT) and 714% (controls). It therefore appears that, given the high variability in performance of the young children and the relatively small sample sizes examined, this study may not have been sensitive to behavioural performance differences would be expected in this age group. 12 Such variability is likely to arise secondary to the normal maturation of frontoparietal networks underlying spatial working memory from childhood to adolescence. 33, 34 Nonetheless, the task was highly sensitive in terms of functional brain imaging. All children were clearly engaged in the task, performing above chance level, and fMRI consequently revealed significant activation patterns associated with this task performance. Crucially, fMRI revealed significant under-activation in the right parietal cortex and in the caudate nucleus in ADHD-CT compared with control children.
Impairment of right parietal cortex function in children with ADHD-CT is of significant importance, both clinically and behaviourally. Influential theories attribute spatial attention to a right-hemisphere dominant fronto-parietal network, linked with the striatum, 35 while functional brain imaging studies provide considerable evidence that attentional function relies on right-dominant fronto-parietal networks. [36] [37] [38] Crucially, children with ADHD are also reported to show a relative inattention to the left side of space, similar to hemi-neglect, suggesting disruption of right hemispheric attentional mechanisms. 39 In this study, we clearly find impaired activation in the right parietal cortex associated with mental rotation/spatial working memory in children with ADHD-CT. This is consistent with our previous study of adolescents with ADHD-CT 3 and with the recent study of Booth et al. 20 showing impaired right parietal activation during a visual selective attention task in children with ADHD. This is also consistent with studies of event-related potentials (ERPs) which have shown reduced amplitudes to attentional orienting cues over posterior brain regions, consistent with dysfunction of the posterior parietal attentional system. [21] [22] [23] We therefore suggest that right parietal dysfunction in ADHD-CT is development-stage independent, observed both in adolescents 3 and children, and contributes to known clinical and behavioural deficits such as impairments in the control of attention 39 and spatial working memory. 12 The frontal areas of activation in both ADHD-CT and healthy children were considerably less than those in both ADHD-CT and healthy adolescents, Listed are peak voxels (P uncorrected < 0.005) that are located within significant activation clusters (P corrected < 0.05).
which is consistent with the known normal decrease in frontal neural activation in children compared to adults. 4 Importantly, there was no additional increased activation of diffuse and inefficient cortical attentional networks of the midline in the children with ADHD-CT, as has been shown in the adolescents with ADHD-CT. 3, 40 This differs from previous reports of widespread diffuse and inefficient activation of brain areas in children with ADHD using 'go/no go' 8 and spatial orienting 4 fMRI tasks, but is consistent with recent reports using other fMRI tasks that are known to activate more specific brain areas. 20, 41, 42 The consistency of our findings across this and our previous study 3 may be due, in part, to ADHD samples that are homogeneous with respect to handedness, gender, age range and diagnosis (that is only ADHD-CT). Additionally, the specificity of our mental rotation fMRI task allows our interpretations to be constrained by known brain-behaviour relationships that exist from nonhuman primate work on spatial working memory. 24, 25 The caudate nucleus remains a brain area of significant interest in the pathophysiology of ADHD-CT: decreased caudate nucleus size is a replicated finding in children with ADHD-CT, 43, 44 although no difference in size is evident during adolescence. 44 Structural lesion and functional imaging animal data support the association of caudate nucleus dysfunction with core ADHD-CT symptoms, working memory and response inhibition dysfunction. 1, 45 The caudate nucleus has a high concentration of dopaminergic synapses underpinning its functions, dopamine being a key neurotransmitter known to be functionally aberrant in ADHD. 46 The caudate nucleus has been shown to be under-active in ADHD-CT using various response inhibition fMRI paradigms. [8] [9] [10] Finally, recent diffusion tensor imaging suggests the caudate nucleus has decreased white matter fibre tract integrity and organization in children with ADHD-CT. 47 The caudate nucleus has a known role in the frontostriatal neural networks that subserve the executive and cognitive control of attention, 6 and, via links with the parietal cortex, a crucial role in spatial working memory. 15 Neuropharmacological studies suggest that ADHD involves dysregulation of both noradrenaline and dopamine neurotransmitter systems. 48 Dysregulation of the noradrenaline system is suggested to lead to inefficient function of the posterior cortical attentional system, while dopamine dysregulation leads to impaired function of the anterior executive system. 49 Therefore, dysfunction of this fronto-striatal-parietal system, with impaired interactions between noradrenaline and dopamine systems, may contribute to the onset of the core symptom domains of ADHD-CT.
Our data are also relevant to the debate surrounding suitable endophenotypes for ADHD. In this context, it has been suggested that spatial working memory may have utility for indexing genetic susceptibility to ADHD. 50 A number of lines of evidence support the candidacy of spatial working memory as an endophenotype for ADHD. First, cognitive probes of spatial working memory, including mental rotation, are associated with moderately high heritability estimates. 51 Second, meta-analysis of cognitive performance in participants with ADHD confirms robust deficits in spatial working memory. 52 Third, human and nonhuman primate studies show that dopamine and noradrenaline are critically important for spatial working memory 53 and that stimulants used in the treatment of ADHD improve spatial working memory deficits. 54 Fourth, allelic variation in dopaminergic candidate genes for ADHD, such as dopamine b-hydroxylase (DBH), 55 have been shown to influence spatial working memory capacity in non-clinical participants. 56 These lines of evidence support the a priori hypothesis that allelic variation in catecholamine candidate genes may influence spatial working memory in ADHD. The current study provides an additional line of evidence that spatial working memory deficits in ADHD are underpinned by dysfunction within right frontoparietal cortex. Future studies be needed to determine the association between this physiological phenotype and candidate genes for ADHD.
Taken together, our findings showing underactivation of the right caudate nucleus and inferior parietal cortex in children with ADHD-CT are consistent with emerging models of right hemisphere dysfunction, independent of developmental stage, in the disorder. These findings suggest a widespread maturational deficit affecting striatal and parietal function in such children.
